Hydroxymethylbilane synthase from human erythrocytes was purified 47000-fold to greater than 95 % homogeneity and 7.5 % yield by a simple and rapid procedure using heat treatment (80°C, in the presence of proteinase inhibitors, to convert one of two chromatographically separable forms into the other), DEAEcellulose and Cibacron Blue F3G-A-Sepharose chromatographies and Sephadex G-75 gel filtration. The purified enzyme was similar to the enzyme purified from other species in showing hyperbolic dependence of velocity on substrate concentration, a non-linear progress curve for uroporphyrinogen appearance, and was monomeric, having an Mr of 44000 by gel filtration on Sephadex G-100 and h.p.l.c. and an Mr of 45000 on SDS/polyacrylamide-gel electrophoresis. The enzyme showed a sharp pH profile for Vm..., and various folates were shown to accelerate neither the enzymic formation of hydroxymethylbilane nor ringclosure of hydroxymethylbilane.
INTRODUCTION
Hydroxymethylbilane synthase (PBG deaminase, EC 4.3.1.8) joins together four molecules of porphobilinogen and releases into solution a linear unrearranged tetrapyrrole, hydroxymethylbilane (Battersby et al., 1979a,b; Burton et al., 1979; Scott et al., 1980) . This hydroxymethylbilane can be converted with intramolecular rearrangement of ring d into the cyclic tetrapyrrole uroporphyrinogen III by uroporphyrinogen-III synthase (uroporphyrinogen cosynthase, EC 4.2.1.75) (Battersby et al., 1979a; Jordan et al., 1979) . Under normal conditions no intermediates between PBG and uroporphyrinogen III accumulate in solution, hydroxymethylbilane synthase preferring to synthesize tetrapyrrole by a mechanism involving only enzyme-bound species (Anderson & Desnick, 1980; Berry et al., 1981; Williams et al., 1981) with uroporphyrinogen III synthase rapidly converting hydroxymethylbilane into uroporphyrinogen III (Battersby et al., 1979c) .
Hydroxymethylbilane synthase has been completely purified from several sources including spinach (Spinacia oleracea) (Higuchi & Bogorad, 1975) , Rhodopseudomonas spheroides (Davies & Neuberger, 1973; Jordan & Shemin, 1973) , rat spleen (Williams, 1984) and human erythrocytes (Anderson & Desnick, 1980; Brown et al., 1984; de Rooij et al., 1987) .
Multiple forms of the enzyme have been reported by Anderson & Desnick (1980) , and Williams (1984) from human erythrocytes, Rhodopseudomonas spheroides and rat spleen respectively, representing stable enzyme-substrate covalent intermediates. Multiple forms of human erythrocyte enzyme on DEAE-cellulose chromatography and gel electrophoresis have also been reported by Miyagi et al. (1979) .
Fairly recently a cDNA clone coding for human erythrocyte hydroxymethylbilane synthase has been sequenced (Raich et al., 1986) and the gene for the erythropoietic form of the enzyme has been shown to be transcribed as a larger transcript than the liver enzyme (Grandchamp et al., 1987) .
The present paper describes a rapid and simple purification, by classical (non-h.p.l.c.) methods, of the human erythrocyte hydroxymethylbilane synthase as a single form and a study of some of its properties.
MATERIALS AND METHODS

Materials
DEAE-cellulose (DE-52) was from Whatman Biochemicals, Maidstone, Kent, U.K. Sephadex G-25, G-75 and G-100 gels and Sepharose-4B gels were from Pharmacia, London W.5, U.K. Porphobilinogen was prepared by the Rapoport-Wurziger method (Battersby et al., 1977 100 nM, the fluorescence of the sample was measured, in both cases as described by Williams (1984) . One unit of enzyme activity was defined as the amount of enzyme necessary to produce 1 nmol of uroporphyrinogen/h under the specified conditions.
To observe hydroxymethylbilane formation, a modification of the general assay was used where the reaction was stopped with I2 [1 % (w/v) I2 with sufficient KI to dissolve the iodine; 30 1l]. The addition of I2 caused oxidation of any remaining hydroxymethylbilane to compound(s) that were unable to ring-close. After incubation at 37°C for 5 min, the excess iodine was removed with freshly prepared Na2S203 [2 % (w/v) Lowry et al. (1951) . For samples containing less than 40,tg of protein/ml, or when interfering compounds were present, the method of Bradford (1976) was used. For routine column monitoring, A280 was measured, an A' mg/mi value of 1.0 being assumed (Thorne, 1978) . SDS/polyacrylamide0gel electrophoresis SDS/polyacrylamide-gel electrophoresis was performed in 12.5 %-(w/v)-polyacrylamide slab gels with the buffer systems of Laemmli (1970) , with myosin, ,-galactosidase, phosphorylase b, bovine serum albumin, ovalbumin and carbonic anhydrase as Mr standards. Gels were stained with silver by using the simplified ultrasensitive method of Oakley et al. (1980) modified from that of Switzer et al. (1979) .
RESULTS AND DISCUSSION
Purification of hydroxymethylbilane synthase from human erythrocytes Table 1 summarizes the results of a typical purification procedure forhydroxymethylbilane synthasefrom 1 litre of outdated human erythrocytes. The enzyme was purified approx. 47000-fold with an overall yield of 7.5%. Preparation of heat-treated lysate All purification procedures were carried out at 4 'C. Outdated whole blood, obtained from the Blood Transfusion Service, Pelican House, Dublin, Ireland, was centrifuged at 2000 g for 10 min to pellet the red cells. The plasma was discarded and the cells washed once in 10 mM-sodium phosphate buffer, pH 7.2, containing 0.9 % (w/v) NaCl, 1 mM-EDTA, 0.1 mM-PMSF and 0.3 mM-dithiothreitol. Cells were lysed by stirring for a minimum of 30 min in an equal volume of hypo-osmotic sodium phosphate buffer (10 mM), pH 7.2. The lysate was then heat-treated for 50 min by immersion in an 80°C water bath in 250 ml aliquots to effect precipitation and aggregation of protein and to inactivate cosynthase. Samples were then centrifuged at 20 000 g for 1 h and the pellet discarded.
The resultant supernatant was desalted in 500 ml aliquots by gel filtration on a column (7.2 cm x 52 cm) of Sephadex G-25 in 10 mM-sodium phosphate buffer, pH 7.2, containing 0.1 mM-DTT and 0.2 mM-PMSF. DEAE-celiulose chromatography When desalted heat-treated lysate was chromatographed on a column (7.5 cm x 7 cm) of DEAE-cellulose previously equilibrated with 10 mM-sodium phosphate buffer, pH 7.2, the enzyme was eluted with a salt gradient Elution profiles of DEAE-cellulose chromatography (10 cm x 2 cm column) after the enzyme had been heattreated for (0) 30 min or (El) 50 min are shown. The enzyme activity was eluted with 10 mM-sodium phosphate buffer, using a salt gradient (----) of 0-0.1 M-KCI. of 0-0.1 M-KCl (3 litres), and one peak of enzyme activity was obtained at a concentration of 20 mM-KCl with an average recovery of 40-60 % (Fig. 1) . When the lysate was heat-treated for a shorter period, e.g. 30 min, a second peak was obtained at 45 mM-KCl (Fig. 1) . This second peak represented approx. 50 % of the recovered activity. On the basis of absolute recoveries of enzyme activity in each peak, it appeared that heat treatment converted one of the forms into the other form. It is probable that these two peaks of activity are the same as the two major forms of human erythrocyte enzyme found on DEAE-cellulose chromatography by Anderson & Desnick (1980) and corresponding to free enzyme and enzyme-monopyrrole complex, and to the two major forms of the rat spleen enzyme found on DEAE-cellulose by Williams (1984) and shown to be interconvertible by heat treatment.
The enzyme at this stage was quite unstable, with 50 % of the activity being lost over 12 h after the initial assay of the column eluant. No increase in the stability of the enzyme was found by concentrating enzyme fractions by dialysis against solid sucrose, by ultrafiltration or by applying it to a small DEAE-cellulose column at low ionic strength and eluting the enzyme with buffer containing 1 M-KCl. It was found that the problems of stability could be overcome by immediately carrying out the next chromatographic step. Cibacron Blue F3G-A-Sepharose affinity chromatography Fractions containing enzyme activity after DEAEcellulose chromatography were chromatographed on a Wcolumn (7.5 cm x 3 cm) of Cibacron Blue F3G-A-Sepharose-4B, equilibrated in 10 mM-sodium phosphate buffer, pH 7.2. The column was washed with the same buffer and the enzyme was eluted with a linear gradient (0-1.5 M-KCl) of volume 1 litre. This procedure separated the peak of enzyme activity from the major peak of proteins, with the enzyme activity being eluted at approx. 0.75 M-KCl with recovery of enzyme activity to between 60-70 %.
Fractions containing enzyme activity were pooled and concentrated to a volume of approx. 20 ml by using an Amicon ultrafiltration unit with a PM1O membrane. The enzyme at this stage of the preparation was stable and could be stored without loss of activity for 1 month at 4°C.
Gel filtration of post Cibacron Blue F3G-A-Sepharose eluate on Sephadex G-75
The concentrated enzyme fractions after Cibacron Blue F3G-A-Sepharose affinity chromatography were gel-filtered in Sephadex G-75 (44 cm x 2 cm) in 100 mmphosphate buffer, pH 7.2, containing 0.8 M-KCI. If the ionic strength was lowered by removal of KCl, the activity of the enzyme was irreversibly lost. The elution profile after gel filtration is shown in Fig. 2 . The recovery after this chromatographic step was between 60 and 70 % of applied enzyme activity.
DEAE-cellulose, Cibacron Blue F3G-A-Sepharose and Sephadex G-75 chromatographies yielded an enzyme of greater than 95 % homogeneity and of specific activity 2400 units/mg. This is comparable with the specific activity of the human enzyme reported by Anderson & Desnick (1980) of 2300 units/mg and by Vol. 251 Brown et al. (1984) of 2614 units/mg, but higher than that by de Rooij et al. (1987) of 1868 units/mg.
The procedure developed has a number of advantages over that of Miyagi et al. (1979) and Anderson & Desnick (1980) . Firstly the heat-treatment step ensures elimination of any contaminating cosynthase from the preparation. The heat-treatment step also ensured that a single form of hydroxymethylbilane synthase was obtained from the preparation. The other methods used for the purification of human erythrocyte hydroxymethylbilane synthase (Miyagi et al., 1979; Anderson & Desnick, 1980; Brown et al., 1984) resulted in the production of multiple forms of the enzyme. The exact relationship between these forms is not established fully, although it appears that they represent enzyme-substrate intermediates as postulated by Anderson & Desnick (1980) , and Williams (1984) . Conversion into one form of the enzyme leads to an increased yield of enzyme and eliminates the need for individual purification procedures for each form.
Determination of the purity, and the native and subunit
Mr of hydroxymethylbilane synthase
Samples of hydroxymethylbilane synthase which had been filtered on Sephadex G-75 were electrophoresed in SDS/polyacrylamide gels. Fig. 2 (inset) shows a photograph of the silver-stained electrophoretogram showing a single stained band (at Mr 45000), indicating that hydroxymethylbilane synthase prepared by this method was purified to greater than 95 % homogeneity.
The native Mr of hydroxymethylbilane synthase was determined by gel filtration in Sephadex G-75 and also by h.p.l.c. using a Waters Protein Pak 125 column (30 cm x 0.78 cm). The Mr of hydroxymethylbilane synthase was estimated to be 44000 from a standard curve of log Mr of standard proteins versus their elution volumes on G-75. When hydroxymethylbilane synthase (100 #1 samples) was gel-filtered, using a Waters Protein Pak 125 h.p.l.c. column previously equilibrated in 50 mM-Tris/HCl buffer, pH 7.8, and eluted in the same buffer, the enzyme activity was eluted at a volume of 7.2 ml, corresponding to an Mr of 44000 as judged from the elution volumes of the standard proteins. If, however, the column was equilibrated and eluted in 100 mmsodium phosphate buffer, pH 7.2, hydroxymethylbilane synthase activity was found to be eluted at a volume of 7.95 ml, corresponding to an Mr of 30000. The elution position of standard proteins, and thus standard curves, in both buffers proved identical. Therefore it appears that hydroxymethylbilane synthase behaved anomolously when chromatographed in phosphate buffer. This could perhaps be attributed to interactions between hydroxymethylbilane synthase and the charged surface sites of the column packing, leading to an increased elution volume and an apparently lower Mr. Such artefacts are not unusual in this type of chromatography (Barth, 1980) . Hydroxymethylbilane synthase purified by the procedure described here had an apparent native and subunit Mr of 44000, showing the enzyme to be monomeric. This is consistent with the Mr obtained by Brown et al. (1984) , similar to that of 43000 obtained from the rat splenic enzyme (Williams, 1984) , although higher than that of 37000 reported for the human enzyme by Anderson & Desnick (1980) .
Kinetic properties of hydroxymethylbilane synthase
The enzyme purified by the present scheme was partially characterized to compare it with that purified by other schemes and from other sources.
Initial-velocity experiments were conducted on enzyme from the Cibacron Blue-Sepharose step by measuring the rate of total hydroxymethylbilane formation (as converted into cyclic tetrapyrroles with excess acid and 12) over a wide range of porphobilinogen concentrations, essentially as described by Williams (1984) . Under all of the conditions used in these studies (including pH studies), hydroxymethylbilane synthase exhibited a hyperbolic dependence of velocity on substrate concentration, demonstrating the existence of a displacement-type mechanism as previously shown for the enzyme from Euglena (Williams et al., 1981) .
A 'lag' in the progress curve showing the production of uroporphyrinogens with time could be demonstrated at all stages after heat treatment of the preparation of hydroxymethylbilane synthase when the reaction was stopped with 12, consistent with the formation of the hydroxymethylbilane intermediate by this mammalian form of the enzyme, and as shown previously for the Euglena enzyme by Battersby et al. (1982) . Extrapolation of the steady-state rate back to the time axis gave a transient time of 7 min at pH 8.3. A linear rate of uroporphyrinogen production was achieved when the reaction was stopped with trichloroacetic acid. In contrast, there was an absence of a 'lag' phase in the progress curve of pre-heat-treated lysate, regardless of how the reaction was stopped.
The heat-treatment step is thus important for the complete removal of cosynthase from the hydroxymethylbilane synthase preparation.
A constant rate of hydroxymethylbilane formation catalysed by hydroxymethylbilane synthase was found during the time period when the concentration of hydroxymethylbilane was attaining its steady-state concentration of 0.28 1M. Thus no product inhibition of hydroxymethylbilane synthase was observed up to this concentration of hydroxymethylbilane, which would have been observed as a burst phase of the progress curve. Kohashi et al. (1984) have reported that uroporphyrinogen III was formed by cosynthase-free preparations of hydroxymethylbilane synthase in the presence of tetrahydrofolate. Recently Hart & Battersby (1985) demonstrated that cosynthase did not require a folate cofactor for its activity.
Experiments were carried out to establish whether various folates could activate hydroxymethylbilane synthase or mimic cosynthase activity. Dihydrofolate, tetrahydrofolate and 5-methyltetrahydrofolate (at 10-4 and 10-5 M in the presence of mercaptoethanol and under N2) were assessed for their ability to accelerate production and ring-closure of hydroxymethylbilane formed by hydroxymethylbilane synthase over a 6 min. period. No effect was observed with any of these folates at any of the concentrations used, in that no increased production of hydroxymethylbilane nor conversion of hydroxymethylbilane into uroporphyrinogen was observed, a result consistent with that of Hart & Battersby (1985) .
A typical profile (Fig. 3) nmax. = Vmax. (Cleland, 1969) Kes [H+ groups being essential for the rate-determining steps in the enzyme-catalysed reaction as has been shown for the non-mammalian enzyme (Williams et al., 1981) and for the rat spleen enzyme (Williams, 1984) . It may be that more than one ionizable group is responsible for the steepness of the acid limb of the pH curve. In the present study, using Vmax values, a pH optimum of 7.6 has been established. This value should be compared with that of Anderson & Desnick (1980) , who demonstrated a pH optimum of 8.2 using initial-rate measurements at a single substrate concentration.
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